Two hundred sixteen early-weaned piglets (initial BW 5.8 ± 1.1 kg) were used to evaluate the effects of microbial phytase (Natuphos) on growth performance and the digestibility of phosphorus (P), crude protein (CP) and organic matter (OM) in maize-soyabean meal based diets. Pigs were allotted to three treatments with eight pigs per pen and nine pens per treatment. Pigs were phase-fed in two, two-week periods each. Three dietary total P levels combination (DM basis) for pigs in phase 1 and 2 were: 1. control, 0.8 and 6.9 g P/kg diet (1.2 g P/kg diet from dicalcium phosphate DCP) without phytase, 2. 50% DCP reduction of the control + phytase (50% DCP reduction + phytase), 7.5 and 6.3 g P/kg diet (0.6 g P/kg diet from DCP) and 3. without supplementation + phytase (no DCP + phytase), 6.9 and 5.8 g P/kg diet, respectively. Phytase was added to the phytase-supplemented diets at a level of 500 phytase units/kg of feed for both phases. Chromic oxide (2.5 g/kg) was added to the diets as an indigestible marker to determine coefficient of total tract apparent digestibility (CTTAD) of feed. There were no differences (P>0.05) in overall average daily gain (295, 311 and 297 g/d) and feed/gain (1.47, 1.46 and 1.46) for the control, 50% DCP reduction + phytase and no DCP + phytase diets, respectively. The CTTAD of organic P in the diets with added phytase was significantly higher (P<0.01) than in the control diet in both phase 1 (0.43 and 0.40 vs 0.32) and 2 (0.42 and 0.36 vs 0.28). The CTTAD of organic matter (OM) was also improved by phytase in phase 2. However, the CTTAD of inorganic P and CP was not influenced by phytase supplementation. Serum inorganic phosphorus concentration (119 mg/L) in pigs fed the diet with 50% DCP reduction + phytase was higher (P<0.05) than in pigs fed the control diet (101 mg/L) and the diet without DCP supplementation + phytase (105 mg/L) in phase 2 and was higher on d 1 after weaning than in phase 1 and 2. In summary, phytase supplementation of reduced inorganic phosphorus diets, fed to young pigs, maintained performance and improved the digestibility of organic P and decreased the excretion of faecal phosphorus.
INTRODUCTION
A substantial amount of phosphorus (P) is excreted in manure because of the low digestibility of P in the cereal feedstuffs. This poses an environmental concern. Recent studies have shown that the addition of phytase to grain diets enables more of the phytate P to become available to non-ruminant animals so less inorganic P needs to be included in the diet. Simons et al. (1990) reported that the addition of microbial phytase to low P diets for growing pigs increased the apparent digestibility of P by 24%. Consequently, the amount of P in the faeces was reduced by 35%. Kemme et al. (1997) reported that phytase generated 0.17 g digestible P/kg diet less in piglets than in the growing-finishing pigs. The improvement of bioavailability of P in maize-soyabean meal mixture for weaning pigs was also verified by Lei et al. (1993a,b) , Murry et al. (1997) , and Zhang et al. (2000) . Sufficient P is present in soyabean meal, maize and oats to meet the P requirements of pigs, if a significant amount of phytate P could be made available (Cromwell et al., 1995) . However, the early phase of nursery pigs is studying rather infrequently, as yet. Therefore, the purpose of the present study was to investigate the influence on piglet performance and to evaluate the efficacy of phytase (Natuphos®) as a means of improving the bioavailability of organic P and other nutrients in maize-soyabean meal diets with reduced or obviate inorganic P supplementation.
MATERIAL AND METHODS

Experimental diets
Three maize-soyabean meal mash diets were formulated in two phases. The first phase diet contained 240 g crude protein (CP)/kg diet fed for the first 2 weeks after weaning and the second phase diet contained 230 g CP g/kg diet fed for 3rd and 4th week after weaning. Phosphorus in the control diet was supplemented entirely by inclusion of dicalcium phosphate (DCP). Diet 2 contained 50% less DCP than diet 1 plus 500 phytase units/kg diet (50% DCP reduction + phytase), diet 3 contained 500 phytase units/kg diet without DCP supplementation (no DCP + phytase) (Table 1) . A phytase unit is defined as the amount of enzyme that liberates 1 µmol of inorganic P from sodium phytate per min at pH 5.5 and 37°C (Engelen et al., 1994) . Diet 1, 2 and 3 in the first phase contained 8.0, 7.5 and 6.9 g total P/kg diet and in the second phase contained 6.9, 6.3 and 5.8 g total P/kg diet, respectively. Pigs fed diets 1, 2 and 3 in the first phase were accordingly feddiets 1, 2 and 3 in the second phase. All nutrients were supplied in the diets to meet or exceed current requirements for young pigs according to NRC (1998) . Sulfamethazine, 100; Procaine penicillin, 50); g/kg 5; chromic oxide, 2.5 4 protein, Ca and P were based on chemical analysis. Organic P was determined by difference of total P -inorganic P
Animals and housing
A total of 216 crossbred pigs (Cambrough 22 × Duroc) was weaned at approximately 21±1.3 d with an average live weight of 5.8±1.1 kg. All the pigs were divided into 9 blocks by body weight and sex. Each block was divided into 3 groups that were randomly allotted to three dietary treatments. There were nine replicates (pens) per treatment and 8 pigs per pen (1.6 × 1.9 m) with tender foot flooring in an environmentally controlled building. Temperature was maintained at 30.5°C in the first week and decreased by about 2.0°C weekly with thermostatically controlled exhaust fans and heaters. Each pen had a nipple waterer and a self-feeder. Feed and water were available ad libitum. Pigs were weighed and feed intake was determined every week. The experimental protocols used in this study were approved by the University of Minnesota Institutional Animal Care and Use Committee (ILAE, 1996) .
Sample collection and measurements
An indigestible marker, Cr 2 O 3 was added to the diets at 2.5 g/kg to determine the apparent total tract digestibility of total P, organic P, CP and organic matter (OM). Nine pigs were selected from 9 pens (1 pig/pen) per treatment for digestibility study. After a 7 days adjustment to the chromic oxide diets, faecal samples from the marked pigs were collected by faecal grab method twice daily for 4 consecutive days during each phase (about 200 g/pig). Collected samples were frozen immediately at -20°C. After each collection period, faeces from each pig were thawed, pooled together, homogenized and one sample was frozen at -20°C until analyses for nitrogen (N) and P. Fresh faecal samples were used for analysing N by the Kjeldahl method (AOAC, 1990) with a N2300 Nitrogen Analyser (FOSS, Höganös, Sweden). The stored faeces were dried at 105°C to obtain dried matter until constant weight. The dried samples were ground through a 1 mm screen, and 3 duplicate samples were prepared and analysed for total P and organic P. Total P was determined colorimetrically by the vanadomolybdate procedure (AOAC, 1990) . Inorganic P in feed and faeces was determined after diluting with HCl to dry-matter content of about 1% and a 1.5 molarity for added HCl in a final volume of 100 ml. The phosphorus in the filtrate after filtering using Whatman filter paper (No. 1820-090, Maidstone, England) was quantitatively assayed by the spectrophotometry method described by Gerritse and Vriesema (1984) . Organic P was taken as the difference between total and inorganic P. The OM was equal to dry matter minus ash. The ash was determined by the ash weight after the dry samples were burned at 550°C until constant weight. The spectrophotometry method was used in measuring Cr 2 O 3 in feed and faeces with 3 duplicate samples using 1,5-diphenylcarbohydrazilde (C 13 H 14 N 4 O) as colorimetric agent as described in SSSA (1996) .
Blood sampling and measurements
Blood samples were collected from 3 pigs per pen on day 1 after weaning and at the end of the first and second dietary phases. Serum samples were separated by centrifuging at 1850 × g for 10 min, transferred to plastic sample tubes and stored at -20°C until subsequent analysis for P. Inorganic P in the serum was assayed by the vanadomolybdate procedure (AOAC, 1990) after removing the protein by centrifuging the mixture of serum and trichloroacetic acid.
Statistics
Individual pig was treated as experimental unit in the analysis of variance for the digestibility, faecal composition and serum P for each treatment. Pen served as experimental unit for daily gain and feed efficiency. The data of serum inorganic P in different phases were treated as split plot design with repeated measurements at different time:
where αi is ith dietary treatment, β k is kth measurement, D i(j) is the whole-plot level random error, αβ ik is the interaction and ε is the split-plot level random error. All the data analyses were performed using the general linear model (GLM) procedure of SAS (SAS, 2000) appropriate for a randomized complete block design for growth performance and digestibility or split block design for serum phosphorus (Aarou and Hays, 2000) .
RESULTS
There were no effects (P>0.05) of dietary phytase supplementation on piglet performance in week 1, 2 and 4 (Table 2 ). However, the average daily gain (ADG) of pigs fed 50% dicalcium phosphate (DCP) reduction + phytase diet was higher (P<0.05) than the pigs fed control diet (464 vs 413 g/kg) in week 3 ( Table  2 ). The ADG of pigs fed the control, 50% DCP reduction + phytase and no DCP + phytase diets was 295, 311 and 297 g during the four week period. The average feed conversion ratio (feed/gain) during the experiment was 1.47, 1.46 and 1.46 for the pigs fed control, 50% DCP reduction + phytase and no DCP + phytase diets, respectively, and the average feed intake was 404, 411 and 400 g/d, respectively.
Phytase supplementation in the diet significantly improved (P<0.05) the digestibility of organic P during the phase 1 and phase 2 for the weaning pigs (Table 3 ). The digestibility of organic P for the no DCP + phytase diets in both phase 1 and phase 2 was higher (P<0.05) than those from the control diets; and the digestibility of organic P for the 50% DCP reduction + phytase diet was also higher (P<0.05) than those from the control diet in phase 1 (Table 3) . However, the digestibility of organic P for the 50% DCP reduction + phytase diet was not different (P>0.05) from that for the control diets in phase 2 (Table 3 ). The digestibility of OM was improved by the phytase supplementation compared to the control diet in phase 2, but not in phase 1 (Table 3 ). The digestibility of total P, inorganic P and CP was not influenced (P>0.05) by the phytase supplementation. The contents of organic P in faeces from the 50% DCP reduction + phytase and no DCP + phytase diets were decreased by 20 and 26% in phase 1 and 22 and 33% in phase 2, respectively, compared to those from the control diet because of the improvement of organic P digestibility (Table 3) .
The concentration of phosphorus in serum of pigs fed the 50% reduction + phytase diet was higher than the control and the 0% DCP + phytase diets in phase 2 (P<0.05), but not different among dietary treatments on day 1 after weaning or in phase 1. The concentration of P in serum of pigs on day 1 after weaning was higher (P<0.05) than in phase 1 and phase 2 ( Table 4 ). The interaction between phases and diets for serum P was significant (P<0.05). (a, b) in row or in column (x, y) are different at P < 0.05 figures in the parentheses are numbers of pigs per treatment bled for serum samples DISCUSSION Studies indicated that dietary supplementation of phytase and decreased P in the diets did not affect pig performance (Yi et al., 1996; Harper et al., 1997 ). In our current study, reduction of 50% DCP with added 500 phytase units/kg diet resulted in increase in weight gain in week 3 compared to control diet and maintained pig growth and feed conversion by the end of the 4 weeks study. Improvement of growth rate for young pigs has also been reported by Lei et al. (1993b) . The pigs fed diets without DCP + phytase showed a similar performance as the control diets. This observation impacts the determination of the phytase activity added in early-weaned pig diets to obviate the need for inorganic supplements without influencing performance. Lei et al. (1993b) recommended that supplements of dietary phytase activity at 1.200 phytase units/kg could maximize phytate-P utilization by weaning pigs and, thus, nearly, if not completely, eliminate the need for inorganic P supplements in maize-soyabean meal diets for weaning pigs. From the result of the current study, inorganic P supplements could be avoided in the diets by adding 500 phytase units/kg diet. Lei et al. (1993b) reported that phytase was largely responsible for the observed improvements in utilization of phosphorus. The phytase hydrolyses phytates, with inositol penta-to mono-phosphates as intermediary products (Reddy et al., 1982) . The digestibility of organic P in the diet without inorganic P supplementation had a higher tendency than that in the diet with 50% DCP reduction + phytase in phase one, which indicated that the presence of inorganic P inhibits phytase activity as reported by Ullah (1988) and Greiner et al. (1993) . Lei et al. (1993b) reported that pigs receiving supplemental phytase had a 23% greater apparent digestibility of P than pigs receiving no supplemental phytase. An increase of 10% in the percentage of P retention due to 500 phytase units/kg of diet was reported in a study of Nasi (1990) . Simons et al. (1990) reported that the addition of phytase at 1000 phytase units/kg of feed to the diet of growing pigs (35 to 70 kg) increased apparent digestibility of P by 24% and decreased the amount of P in the faeces by 35%, which was similar as the results of the current study. The supplementation of pig diets with phytase improved the utilization of organic P from feedstuffs and reduced the usage of inorganic P supplementation. Of equal or greater importance is the 50% reduction of P in pig manure. However, this depends on the assumption that pigs can sustain low P intake continuously from weaning to market weight.
Phytase maintained the concentration of inorganic P in the serum of phytase fed pigs compared with the control fed pigs. The higher concentration of phosphorus in serum of pigs fed the diet with 50% dicalcium phosphate reduction + phytase indicates the improvement of P absorption. Young et al. (1993) reported that the addition of the microbial phytase at 500 and 1000 phytase units/kg increased serum phosphorus compared with the positive control diet supplemented with inorganic phosphorus. However, Lei et al. (1993a) found that pigs that received 750 phytase units/kg diet did not sustain plasma P concentrations. The reason of the above contradiction is unknown and need further study. The interaction between diets and phases was found because the serum P levels were different between phases among the dietary treatments. A higher concentration of serum P in the piglets on day 1 after weaning showed that milk might have supplied phosphorus and maintained the P at higher level than the other feed.
CONCLUSIONS
Addition of 500 phytase units per kg to a maize-soyabean meal nursery diet that contained 0 or 50% inorganic P of the control diet were effective in improving availability of organic phosphorus for weaning pigs. With the supplemental phytase, pig growth performance and serum P concentration were maintained and faecal organic P excretion was reduced by 20 to 33%. This will reduce the need for supplementing inorganic P at least 50% and greatly alleviate P pollution in the environment.
